Inspection and quality control of induction hardened parts require a good understanding of the depth of the hardened layer. Traditional destructive methods to determine the case depth are considered to be costly and time-consuming. The eddy current (EC) technique is sensitive to micro-structural changes; hence, it can be used to determine the case depth based on the differences in magnetic properties between the hardened layer and the core of the specimen. In this study, identical rods of AISI 1045 mild carbon steel were surface hardened using induction hardening technique. In order to investigate the applicability of the EC technique, the relations between obtained effective and total case depths and the EC outputs (induced voltage, normalized impedance, phase angle, and their harmonic characteristics) were studied. The results show a maximum of correlation coefficient of 94% in determining case depths by EC technique.
Introduction
Induction hardening is a process where a metallic part is hardened by means of induction heating and subsequent quenching in aqueous media. This hardening technique combines traditional heat treatment principles with a modern surface heating method utilizing induced current. From industrial point of view, the determination of case depths through designing integrated control systems is so valuable. This, in turn, results in saving time and energy as well as providing 100% inspection in mass production lines. The standard methods for determining case depth are metallographic examination and hardness profile plotting which are done by random sampling and sectioning the heat treated parts. These methods are time-consuming, costly, and cannot be used as real-time methods. In addition, only a fraction of the production volume can be tested. From the industrial point of view, ideally, the entire production volume should be examined by a fast and economic method. These requirements present an opportunity for applying nondestructive techniques. Considering the advantages of nondestructive methods in industrial quality control, in the recent years, many researchers have focused on nondestructive evaluation (NDE) of the mechanical and physical properties of materials as an alternative to destructive methods. Among different NDE methods, eddy current (EC) technique has gained advantages such as high sensitivity to chemical composition, microstructure, mechanical properties, and residual stress, thus making it a reliable alternative to conventional destructive methods.
Over the past decade, the evaluation of the microstructural changes using EC nondestructive method has been carried out through several studies. For instance, the percentage of pearlite in plain carbon steels and ductile cast irons (Ref 1-3 (Ref 9) showed that there are differences between magnetic properties of the hardened layer and the core of the sample. Therefore, there is a potential for EC technique to detect these microstructural changes in the surface of induction hardened parts.
In this study, to penetrate the induced EC into each specified depth which corresponds to the effective and total case depth (TCD), two optimum operating frequencies were calculated and applied. Also, various forms of presenting test results of EC method (relations between measurable and calculable outputs and case depth, impedance plane, and the movement of the location of impedance point due to the surface micro-structural changes and harmonic analysis of EC signals) have been applied. Therefore, a novel approach and comprehensive study are developed to increase the accuracy of measurements.
Experimental Method
Nine AISI 1045 steel rods 30 mm in diameter and 150 mm in length were prepared for the induction hardening process. The steel composition was as follows: 0.44%C-0.57% Mn-0.25% Si-0.03%S-0.004%P. For all samples, the frequency and the power of induction hardening system were fixed at 30 kHz and 50 kW, respectively. By changing the speed of the sample in the course of passing through the induction coil (12 to 6.5 mm/s), different case depths were produced. In the case of samples with the same chemical composition, EC outputs are affected by two important factors: microstructural changes and residual stress (Ref 10) . Thus, to eliminate residual stress, all samples were tempered at a temperature of 250°C for 2 h. The micro-hardness profiles were plotted using Vickers indenter on a Bohler micro-hardness tester. For each sample, five different hardness profiles were plotted up to 6 mm, using a 9.8 N load.
Finally, the EC tests were carried out on the cylindrical samples. An encircling coil of 30.5 mm internal diameter and 120 mm length was used whose numbers of turns for the primary (excitation) and secondary (detection) coils were 500 and 650, respectively. A schematic diagram of the employed EC system is shown in Fig. 1 . The EC test was carried out at a temperature of 27°C with the filling factor of 0.98. A sinusoidal current on the frequency range of 10-100 Hz (in 5 Hz steps) was applied to the coil on all samples. Induced voltages and input currents were measured and the impedance of the coil and the phase angle were calculated. Harmonic analysis (Fast Fourier Transformation) was also used to establish relations between the received waves from EC voltage and case depths. Figure 2 indicates the optical microstructural image in a cross section of an induction hardened sample. As it can be seen, the hardened zone with a martensitic structure close to the surface is darker than ferrite-pearlitic structure of the core, which is not affected by heat treatment.
Results and Discussion

Hardness Measurement to Determine Case Depth
According to the International Standard ISO 3754, effective case depth (ECD) is defined as: ''The distance between the surface of the product and the layer where the Vickers Hardness (HV) under a load of 9.8 N (1 kgf) is equal to the value specified by the term Ôhardness limitÕ.'' It is a function of the minimum surface hardness required for the part, given by Eq 1 Hardness limit (HV) ¼ 0:8 Â minimum surface hardness:
ðEq 1Þ
Since, in the present investigation, the minimum surface hardness of all samples is 625 HV, the ECD is considered as the perpendicular distance between the surface and the layer having a hardness of 500 HV. On the other hand, the TCD is considered the distance from the surface to a limit beyond which the hardness remains constant. The measured effective and TCD values are shown in Table 1 .
Investigating the EC responses
In micro-structural characterization of the surface by EC method, the determination of the optimum frequency is considered as the first step. In this article, optimum frequencies for ECD and TCD have been chosen by two methods: (1) applying regression analysis between the case depths and the EC outputs (Ref 10) and (2) using electromagnetic skin depth equation (Ref 5, 11, 12) .
In the regression analysis, relations between EC outputs and ECD as well as TCD were investigated in the range of 10-100 Hz (in 5 Hz steps). Then, correlation coefficients (R 2 ) of the relations were calculated on each frequency. The results of the frequency sweep are presented in Fig. 3 . The maximum value of R 2 was obtained at 50 Hz for ECD and 25 Hz for TCD. Thus, these frequencies were chosen as the optimum ones.
The second method can be explained using the well-known equation for electromagnetic skin depth of a homogeneous magnetic field parallel to surface as an approximation. The depth at which the induced magnetic field decreases to 1/e of the incident value is called skin depth (d), which is given by Eq 2 Fig. 1 Schematic diagram of eddy current testing system Fig. 2 The microstructure of an induction hardened sample created with the specimen passing through the induction heating coil at a speed of 12 mm/s
where f is frequency in Hz, r is electrical conductivity in
, l r is relative magnetic permeability and l 0 is the permeability of vacuum (4p 9 10 À7 H/m). As presented in Table 1 , the maximum values of ECD and TCD were measured as 4.1 and 5.6 mm, respectively. In order to detect changes in magnetic properties due to the presence of martensitic microstructure in the hardened layer, the calculatedinduced EC penetration depth should be equal or greater than these values.
Considering the fact that relative permeability and conductivity of the hardened layer have the values 75 (Ref 9) and 0.41 9 10 7 X À1 AE m
À1
, the skin depths achieved were 4.1 and 5.6 mm at 52 and 25 Hz, respectively. These values for skin depths mean that induced currents of sensor penetrate into the maximum depth measured for ECD and TCD. Consequently, the induced EC can be used for all other investigated samples (whose ECD and TCD values are smaller than 4.1 and 5.6 mm) to monitor micro-structural changes. Therefore, it can be concluded from both proposed methods that 50 and 25 Hz are the optimum frequencies for the evaluation of the effective and TCDs, respectively. Figure 4 shows the relationships between induced voltage and ECD/TCD at 50 and 25 Hz, respectively. As seen in the figure, the correlation coefficients for ECD and TCD were obtained as 0.86 and 0.77 respectively.
To find a better relationship, relations between the calculated EC outputs (normalized impedance (Z/Z 0 ) and phase angle (u)) and ECT/TCD were studied. The details of the calculations for these outputs can be found elsewhere (Ref 3-5, 13) . The relationship between the case depths and the calculated parameters is shown in Fig. 5 . As it can be seen, in order to determine ECD, the best value for correlation coefficient (R 2 = 0.93) is obtained through normalized impedance. For TCD, high correlation coefficients are obtained through both the normalized impedance (R 2 = 0.93) and the phase angle (R 2 = 0.94).
As a result of martensitic transformation in the hardened layer, there is high density of dislocations which caused by shear mechanism. This high dislocation density, plus high distortion (due to the interstitial atoms embedded in the structure of martensite) cause the pinning of magnetic domain walls which, in turn, reduces the mobility of magnetic domain walls in comparison with ferrite-pearlite microstructure with lower dislocation density (Ref 8, 9 ). Thus, a higher magnetic field intensity (H) is required to overcome the obstacles to aligning the domains and, therefore, more coercivity is needed. As a result, by increasing the case depth (martensite microstructure), coercivity and hysteresis loss increase but magnetic permeability (l) decreases. Considering Eq 3, it can be concluded that a decrease in l results in a decrease
where l is the magnetic permeability, N is the number of turns round the coil, A is the cross-sectional area, and l is the coil length. According to Eq 4, by decreasing magnetic permeability (l), reactance (X L ) decreases. Since in ferromagnetic alloys (such as steel) the effect of permeability or reactance is stronger than the effect of resistance (R), impedance (Z) also decreases Eq 5
In brief, the impedance decreases when the hardened depth increases. This is considered as the main reason for decreasing the output voltage of EC by increasing hardened depth (Fig. 4, 5) . As a result, the differences in magnetic properties of martensite and ferrite-pearlite microstructures make EC technique a suitable approach to characterizing the case depth.
To investigate different aspects of hardened depth effects on EC responses, impedance plane has been developed and analyzed for all samples. Theoretical calculations for the impedance plane can be found elsewhere ( Ref 4, 5, 14) .The results of the calculations are presented in Fig. 6 . The figure demonstrates the effect of TCD on the location of impedance point, which in turn, can be used to calculate phase angle (u). Figure 6 also shows a reduction in phase angle when the hardened depth of the samples increases.
Harmonic analysis (using Fast Fourier Transformation) has been introduced in the last few years as an industrial tool for materials characterization of ferromagnetic materials. The technique has been proven to be a reliable and cost effective alternative to traditional destructive quality control methods (Ref 5, 15) .
To study its application in determining the case depth, harmonic analysis was applied to the EC obtained signals (voltage) at the frequency of 25 Hz. Real (Re) and imaginary (Im) parts of each harmonic as well as their modulus (P) Eq 6 were used to establish the relationship between different values of harmonics modulus and TCD values, separately
In this study, only harmonics 3, 5, and 7 are used to characterize the case depth. Figure 7 (a) to (c) shows the imaginary and the real part of the three harmonics as a function of case depth. It is worth noting that the amplitude of the signal for the imaginary part and the harmonics modulus increases, while the real part of the harmonic decreases to the extent of case depth (Fig. 7) . As it is shown, high correlation coefficients have been obtained. Comparing the results of the harmonic analysis with the EC outputs, it is concluded that the imaginary part and the harmonics modulus can be properly used as alternatives to phase angle and normalized impedance in determining TCD.
Last but not least, one should bear in mind that one of the major advantages of the proposed technique is its fast and reliable response which can be used in quality control in industrial mass production lines. After the calibration of the EC system for reference samples, determining case depth values for unknown ones (with the same chemical composition) can be done in a few seconds. 
Conclusions
In this study, EC method was used to determine the effective and TCDs in induction hardened AISI 1045 steels. Considering the importance of determining optimum frequency in the nondestructive surface characterization, two methods (electromagnetic skin depth equation and regression analysis) were employed and frequencies of 50 and 25 Hz were obtained as the optimum ones. Besides, outputs of normalized impedance, phase angle, and harmonics modulus were considered as the optimum ones due to the high correlation coefficients (0.93-0.94) of investigated correlations between EC outputs and ECD/TCD values. The results showed that the case depth measurement accuracy could be improved by the determination of the optimum frequencies and outputs. The proposed technique provides an effective, fast, and reliable quality control of the industrial parts.
